Glaciological and geodetic methods provide independent observations of glacier mass balance.
Introduction
Glacier mass balance observations are important for studies of climate change, water resources and sea level rise (e.g. IPCC, 2013) . Mass balance is the change in mass of a glacier over a stated span of time (Cogley et al., 2011) . The mass balance is the sum of surface, internal and basal mass balance components. In situ observations of glacier surface mass balance is termed the glaciological method (the terms direct, traditional or conventional method are also used in the literature) where mass balance is measured at point locations, and data are interpolated over the entire glacier surface to obtain glacier-wide averages. Surface mass balance is the sum of surface accumulation and surface ablation and includes loss due to calving. Mass balance can also be assessed indirectly by the geodetic method (also called cartographic) where the cumulative mass balance for a period is calculated by differencing digital terrain models (DTMs) and converting the volume change to mass using a density conversion. Whereas the glaciological method measures the surface mass balance, the geodetic method measures the sum of surface, internal and basal mass balances. For a direct comparison of glaciological and geodetic balances methodological differences, such as differences in survey dates (account for ablation or accumulation between the survey dates) and surveyed areas (using the same area and ice divides in both methods) must be considered. In addition, effects of changes in density profiles between the geodetic surveys must be accounted for. Moreover, recent studies have shown that internal and basal melt may be substantial for temperate glaciers, in particular for maritime high-precipitation glaciers that span wide elevation ranges (Alexander et al., 2011; Alexander et al., 2013; Oerlemans, 2013) .
Comparison of glaciological and geodetic data have revealed both discrepancies and agreements (Cogley, 2009) . Several studies on homogenization of mass balance records and uncertainty have been carried out recently (e.g. Thibert et al., 2008; Fischer, 2010; Zemp et al., 2010; Nuth and Kääb, 2011; Huss et al., 2015) . A joint paper from the workshop on "Measurement and Uncertainty Assessment of Glacier Mass Balance" at the Tarfala Research Station in northern Sweden in 2012 describes a standard procedure for reanalysing mass balance series (Zemp et al., 2013) , based on best practices. The reanalysis procedures includes homogenization of glaciological and geodetic balances, assessment of uncertainty, validation, and calibration, if necessary. It recommended that mass balance series longer than 20 years should always be reanalysed.
Homogenization of mass balance series can be defined as the procedure to correct artefacts and biases that are not natural variations of the signal itself, but originate from changes in instrumentation or changes in observational or analytical practice (Cogley et al., 2011) . In the glaciological method, common inhomogeneities are change in method (e.g. from contour line to altitude-profile method), change in observational network, use of different glacier basins and changes in area and elevation over time. In the geodetic method, inhomogeneity may stem from surveys using different sources and methods (e.g from analogue contour lines to digital point clouds), geo-referencing and projection of the data set, and software. When calculating the geodetic balance it is important that independent data or stable terrain outside the glaciers are used to check the individual DTMs. DTMs should be co-registered (Kääb, 2005) or even reprocessed from original survey data if needed . Uncertainty is not only dependent on the standard error of the individual elevation differences, but is also dependent on the size of the averaging area and the scale of the spatial correlation Magnússon et al., 2016) .
In Norway, the contribution of glacier melting to runoff instigated systematic mass balance studies on several glaciers in the 1960s. Mass balance programmes have been conducted on more than 40 glaciers for shorter or longer periods Kjøllmoen et al., 2011) .
In this paper, we compare homogenised glaciological and geodetic mass balance for the 10 Norwegian glaciers with long-term mass balance series, whereof nine of them are considered key climate change reference series in Norway (Fleig et al., 2013) and seven of them are used as reference glaciers for the World Glacier Monitoring Service (WGMS, 2013) . The data are widely used, for modelling and statistical analyses and at different scales from local studies to global estimates (e.g. Rasmussen, 2004; Nesje and Matthews, 2012; Engelhardt et al., 2013; Trachsel and Nesje, 2015; Zemp et al., 2015) .
The reanalysis of the mass balance series included (i) homogenisation of both glaciological and geodetic observation series, (ii) uncertainty assessment, (iii) estimates of generic differences including estimates of internal and basal melt, (iv) validation, and, if needed, (v) partly calibration of mass balance series.
A large set of metadata, observations, calculations and procedures were analysed: 454 years of glaciological mass balance data, 34 geodetic surveys/maps and 21 periods of concurrent data.
The analysed glaciers covered an area of 134 km 2 ranging from 60.5 to 70.1 degrees North.
Study glaciers
The ten glaciers selected for this study all have long-term mass-balance programmes and geodetic surveys that cover (the larger part of) the period with annual measurements ( show different behaviours of the ten study glaciers. The northernmost glacier, Langfjordjøkelen, and the three interior (easternmost) glaciers in southern Norway (Storbreen, Hellstugubreen and Gråsubreen) have steadily lost mass during the past 50 years, greatest in Langfjordjøkelen (Andreassen et al., 2012a) . The other six glaciers are maritime ice cap outlets, that had a mass surplus, mainly due to higher snow accumulation in the 1990s, although all have lost mass since 2000 2012b; Kjøllmoen et al., 2011) . There is significant variability in mass turnover between the study glaciers, from annual accumulation/ablation of about 1-2 m w.e. for the interior glaciers to 3-6 m w.e. for the maritime glaciers on the west coast .
Data and methods
In this chapter, we describe the data and methods used for calculating glaciological and geodetic mass balance and for the reanalysis undertaken. We describe the original data sets, the homogenization of these and provide uncertainty assessments of systematic and random errors.
Glaciological mass balance
3.1.1 Surface mass balance observations NVE's surface mass-balance series contain annual (net), winter and summer balances. Details on the observation programme including maps of the annual monitoring network are found in NVE's report series Glaciological investigations in Norway (e.g., Kjøllmoen and others, 2011, all reports are available at http://www.nve.no/glacier). Methods used to measure mass balance in the field have in principle remained unchanged over the years, although the number of measurements has varied . The winter balance is measured in spring by probing to the previous year's summer surface along regular profiles or grids, typical values being 50-150 probings on each glacier every year (Fig. 2) . Snow density is measured in pits and with coring at one or two locations at different elevations on each glacier. Stake readings and snowdepth corings are used to verify the probings. Summer and annual balances are obtained from stake measurements using density estimates of remaining snow (usually 600 kg/m 3 ), melted firn (650-800 kg/m 3 ) and ice (900 kg/m 3 ) (e.g. Kjøllmoen et al., 2011) . The number of stake positions varies from glacier to glacier and through time, typical values being 5-15. Stake density is highest on the smallest glacier, 6/km 2 on Gråsubreen, and lowest on the largest glaciers, 0.2/km 2 on Nigardsbreen and Engabreen. The annual calving from Austdalsbreen is calculated from measured ice velocity near the terminus, surveyed autumn terminus positions and estimated mean ice thickness , following Funk and Rötlisberger (1989) .
To calculate glacier-wide winter (Bw), summer (Bs) and annual (Ba) balances, the point measurements are interpolated to area-averaged values. In the first years this was done by the contour line method, while since the mid/end of the 1980s this has been done using the profile method. The shift in method was mainly a consequence of a reduction in the observing network on many of the maritime glaciers. Furthermore, investigations had showed that annual balance measured at stakes correlated well with glacier-wide annual balance and that the fieldwork could be simplified (Roald, 1973) . In the contour line method, the point measurements were plotted on a map and isolines of mass balance were drawn for both winter and summer balances (Fig. S1 ). The areas between adjacent isolines within each altitudinal interval (50 or 100 m)
were integrated using a planimeter, and the total amount of accumulation and ablation was calculated for each altitude interval. In the profile method, the point measurements versus altitude are plotted and interpolated balance profiles are drawn to obtain mass balance values for each altitudinal interval (Fig. 3) . The elevation of point measurements and area distribution are taken from the most recent map/digital terrain model of the glacier. When a new map has been constructed, it was used for the calculations from then and onwards. However, there may be considerable time lag (up to 30 years) between the mass balance year and the reference area used for calculating mass balance.
Glaciological balances are reported as conventional surface balances, i.e. internal and basal balances have not been part of the observational programme and are not accounted for in the published mass balance records.
Homogenization of surface mass balance
Homogenizing a surface mass balance series may involve different steps and will differ from glacier to glacier according to the richness of the data material as well as the time available for the analysis. A thorough homogenizing process was applied to four of the glaciers (Nigardsbreen, Engabreen, Ålfotbreen and Hansebreen), as the first comparison of geodetic and glaciological balances indicated rather large discrepancies between the methods (Elvehøy et al., 2016; Kjøllmoen, 2016a; 2016b) . This detailed homogenisation process included going through the data material for each year to search for inhomogeneities and possible biases in the data calculations. The process included digitisation of point measurements, recalculating the mass balance using homogenized drainage divides, density conversion, and recalculating from contour to profile method for the earlier years. For the other six glaciers, a less detailed procedure was followed, typically including homogenization of the drainage divide and areaaltitude distributions. For Austdalsbreen the calculation procedure of losses due to calving was also homogenized.
In the following section, we describe in more detail the homogenization of the area-altitude distribution, the change from the contour map method to the profile method, and the calving of Austdalsbreen.
Area-altitude distribution
The annual mass-balance calculations were based on a series of maps for each glacier. When a new map or DTM became available some time after the survey, the mass-balance was calculated from then on using the new map for the stake and sounding elevations and the areaaltitude distribution. The changing glacier area and elevation over time is an inhomogeneity common to all mass balance calculation s (Holmlund et al., 2005; Zemp et al., 2013) . To minimize the effects of the changing elevation distribution on the results, we recalculated glacier wide balance values for the period of record using both area-altitude distributions. Two approaches were tested, (1) shift: simply using the older map for first half of the period and then using the newer map for the second half, or (2) linear weighting: calculating Ba for all years in the period using both area-altitude distributions and linearly time-averaging between them.
The advantage of approach (2) is that the values are interpolated through time, and inhomogeneity is smoothed out. However, for several of the glaciers there is not a linear trend in glacier change. Langfjordjøkelen is the glacier with the strongest thinning and retreat of the 10 study glaciers (Andreassen et al., 2012a) , and is expected to have the largest sensitivity to (1) was used for the final calculations for all glaciers. For glaciers with strong non-linear changes, normalized front variation series might be used to weight the inter-annual area changes (Zemp et al., 2013) , but this was not used in this study.
Contour map to profile method
In the 1980s, a simplification of the observation programme was carried out after statistical analysis of the previous years' accumulation and ablation patterns, especially at large outlet glaciers like Nigardsbreen and Engabreen . The interpolation method was also shifted from the contour to the profile method at the end of the 1980s. However, the profile method can be sensitive to the altitudinal coverage and the spatial pattern of observations (Escher-Vetter, 2009 ). The profile method relies on the consistency of the annual mass balance gradient. Analyses of the mass balance gradients show vertical profiles of annual and seasonal mass balance are remarkably linear and vary little from year to year (Rasmussen, 2004; Rasmussen and Andreassen, 2005) . Studies of Lemon Creek and Taku Glacier, Alaska, show also a consistency of the annual balance gradient (Pelto et al., 2013) . Usually the profile method has been used by drawing the area-altitude mass balance curves manually for our mass balance data. To test the sensitivity of the manual drawing on the mass balance results, two of the authors used the point data for Engabreen to draw curves for seven years, 2002-2008 . In this period, the glacier had only one stake at the tongue at ~300 m a.s.l. and then about 6 stakes on the ice plateau from ~950 to 1350 m a.s.l. The profile curves were then compared with the curves drawn manually by the principal investigator and there were only minor differences between the drawn curves. The resulting annual Bw, Bs and Ba values calculated from the profiles were in good agreements and were typically within ±0.1 m w.e. a -1 of each other with no outliers. Thus, this test revealed little sensitivity to the subjective judgement in the manual drawing of the annual curves in the profile method. More automated procedures were tested, but were not found suitable due to the data material available. using photos from the two years, and due to the large time gap between the photos and uncertainties in which parts mapped by which photos, the map was not used for the geodetic calculations.
Calving
All point measurements of snow depths and stakes were identified in data reports and maps, and given positions and altitudes from the relevant DTM. The re-calculation was based on the profile method within the hydrological basin and with the current DTM and ice divide from 2009/2013. The review of the historic data sets and the re-calculation process also revealed some errors in the original mass balance calculations in some years, e.g. the handling of summer snow fall and density conversions. These errors were corrected in the re-calculations.
The glaciological mass balance methodology has changed through the period of measurements.
Five types of inhomogeneities were identified and accounted for in the homogenisation process (Table S1 ).
Contour line method
From 1962 to 1988, both winter and summer balances were calculated using the contour line method. From 1989, the altitudinal mass balance curves were constructed by plotting point measurements versus altitude. Accordingly, the homogenization involved re-calculation of the period 1962-1988 using the profile method. The curves were manually drawn between the point measurements.
Area-altitude distribution
The original mass balance calculations were based on area-altitude distribution from five maps (1964, 1974, 1984, 2009 and 2013) . There were considerable time lags between the mass balance data and the map used for the calculations. Over the years from 1964 to 2013, Nigardsbreen had periods of both shrinking and growing. Hence, the step approach was used where the period between two mappings were divided in two, and each map was applied to half of the period before the mapping year and half of the period after the mapping year.
Accordingly, the homogenization involved re-calculation of the periods 1969-73, 1979-87 and 1997-2012 
Snow density conversion
Winter balance calculations are based on measurements of snow depths and snow density. The converting procedure from snow depth to water equivalent has varied through the years. For the first four decades (from 1960s to 1990s) a precise documentation of the converting procedure is lacking. However, for some of the years, it appears that an average density (ρav) of the snow pack was used for each snow depth (ca) expressed as: bw = ca (m)*ρav (kg m −3 )/1000.
For some other years, a unique snow density for each snow depth was estimated based on the measured density profile. From 2001 and onwards a snow density function derived from the snow density measurements was used to convert snow depths to snow water equvialents.
Usually a third degree (or second) polynomial was used, expressed as: bw = a*ca 3 + b*ca 2 + c*ca + d (a, b, c and d are coefficients). In the homogenization process a density function was used for 40 of the 52 years. For twelve of the years, the original water equivalent values (bw)
were kept due to lacking data or difficulties in data interpretation.
Ice divide
The ice divide used in the calculations was made for each map, and thus varied between the mappings. The DTM derived from the laser scanning is considered much more accurate than the DTM derived from the aerial photos used for the older maps, in particular in the flat accumulation area where the ice divide of the glacier is located. Although the ice divide may have moved through time, it is not possible to determine this with the map material available.
Thus, assuming that the ice divide had been unchanged over the period of record, the divide 
Glacier boundaries
From 1962 to 1967, the mass balance for Nigardsbreen was calculated using the glaciological basin, i.e. the area draining ice to the glacier terminus, thus excluding the southeastern and northeastern fringes that do not flow into the main glacier (Fig. 4) (2013) , respectively. The 1964 basin has the greatest area and the most extended frontal ice margin (Fig. 4) .
Internal mass balance calculation
Internal and basal balances are not measured, but need to be accounted for when comparing glaciological with geodetic balances. Melting occurs within a glacier if the temperature is at melting point and there is a source of energy (Cuffey and Paterson, 2010) . Flowing water that is warmer than the ice may cause melting by direct heat transfer or by loss of potential energy, which dissipates as heat (Cuffey and Paterson, 2010) . Theoretic calculations has suggested that internal ablation can be a significant term for Nigardsbreen (Oerlemans, 2013) and can contribute as much as 10% to the total ablation of Franz Josef Glacier (Alexander et al., 2011) .
In this study, we estimated internal and basal ablation due heat of dissipation based on
Oerlemans (2013) . Ablation due to rain (Alexander et al., 2011) was considered negligible, as most of this melting affects snow, firn and ice at the surface, rather than the subglacial and basal system. Other terms such as geothermal heat and refreezing of melt water below the previous summer' surface were also considered negligible as they were assumed to be insignificant in this climate and will to some degree cancel out.
Melt by dissipation of energy, M, was calculated by the formula
where g is the acceleration of gravity, h is mean elevation of elevation interval used in surface mass balance calculations, Ph is precipitation at h, Ah is glacier area of elevation interval h, bL is bed elevation at glacier snout, A is total glacier area and Lm is latent heat of fusion. This formula is based on formulas (8) and (9) in Oerlemans (2013) , but calculates the effect at each elevation interval used in surface mass balance for the given glacier. Precipitation was calculated as a linear function of elevation. Daily precipitation was extracted from data version 1.1.1 at www.senorge.no (Saloranta, 2014) . The seNorge (in English 'see Norway') dataset provides daily gridded data of temperature, precipitation and snow amounts in Norway from 1957 to present using data from all available stations of the Meteorological Institute (e.g. Saloranta, 2012) .
Geodetic mass balance

Surveys
The geodetic surveys used in this paper were constructed from different sources and methods (Table 2) . Before 2001, surveys were based on vertical aerial photos. Most of the surveys from 1950s to the 1980s are contour maps constructed from vertical aerial photographs using analogue photogrammetry. These analogue contour maps were digitised at the end of the 1990s.
In the 1990s, digital terrain models or digital contour maps were usually constructed directly from the aerial photos. Since the first laser scanning of Engabreen in 2001 (Geist et al., 2005) , all surveys of the glaciers used in this study have been made from airborne laser scannings, usually in combination with concurrent air photos. A few maps have been reconstructed (Ålfotbreen and Hansebreen 1968, Nigardsbreen 1964) to improve the surveys.
Mass balance calculations
The differences between repeated DTMs should reveal the change in elevation between the corresponding times of data acquisition, and not change due to misalignments of the DTMs. To check for this, for each glacier, the older DTMs were compared with the most recent laser scanned DTM to check for misalignment and shifts. In the following, we describe the homogenization and calculation procedure. All GIS based data processing of maps and DTMs by NVE was done using ArcGIS software (©ESRI), Python (Python Software Foundation) or Surfer software version 12 (Golden Software, Inc. 2014).
The following approach was used to test the quality of the DTMs. The latest laser scanned elevation point clouds were considered the most accurate and used to create a 5 or 10 m reference DTM. For surveys available as digitised contour maps, the contour lines were converted to elevations points at vertices along contour lines. Elevation differences were calculated between the reference DTM and the elevation points. For gridded maps, elevation differences, dH, were calculated by DTM differencing on a cell by cell basis. The vertical elevation differences, dH, were compared outside the glacier in stable terrain.
The DTMs and contour maps were first checked for horizontal and vertical shifts by plotting vertical difference of the terrain, dH, outside the glacier border against aspect, and dH/tanα against aspect, where α is the angle of the slope (Kääb, 2005; Nuth and Kääb, 2011) . In one case, Engabreen 1968, a systematic horizontal shift of 12 meters was detected and the map was shifted prior to the further analysis.
To decide whether a DTM should be shifted in vertical direction, a mean error, ε, was calculated from the standard error, σ, of the elevation differences, dH:
Where n are number of independent samples. For a contour map we used n as the number of contours from which we compared the points, for a map constructed from aerial photographs we used n as the number of photos.
Only points with slopes less than 30 degrees were considered. Orthophotos and glacier extents were checked to avoid comparing points that were snow covered in one of the surveys. We chose z as 1.96 for achieving a 95% confidence interval assuming that the data are normally distributed. Furthermore, we only shifted if the < and > 1m. This may be considered conservative, but contour points outside a glacier are not necessarily representative for the glacier surface.
For the further processing, DTM's were created from the contour maps using digitised vertices along the contour lines together with elevation points from the map to convert contour maps to regular grids of 5 or 10 m cell size aligning to the reference DTM.The interpolation function 'Topo to Raster' (ArcGIS) (Hutchinson, 1989; Hutchinson and Dowling, 1991) or Kriging (Surfer) were used to obtain surface grids. Various interpolation functions in ArcGIS and Surfer were tested, but had little influence on the results. In a test, the results for Nigardsbreen 1984-difference map with both Kriging in Surfer and Topo to Raster in ArcGIS, and gave near identical resulting elevation difference (within ±0.1 m).
Surface elevation changes were calculated for all glaciers and periods by subtracting the DTMs on a cell-by-cell basis.
To compare the geodetic mass balance with the glaciological balance, the volume change of ice, snow and firn over a period needs to be converted to mass using a density estimate.
Observations of firn thickness and density are in general few and only exist for a few point locations in mainland Norway. In May 1987, a 47 m core was drilled at the highest elevation at Nigardsbreen, revealing a firn/ice transition at 30 m depth (Kawamura et al., 1989) . increased from 600 to 700 kg/m³ in these cores (Laumann, 1972) . Unfortunately, no repeat profiles are available to determine changes in the density over time.
Since few observations of firn thicknesses and densities are available, it is a common approach to assume that the density profile from the surface to the firn-ice transition remained unchanged between the surveys following Sorge's law (Bader, 1954) . Often an ice density of 900 kg m -3
has been used to convert volume to mass (e.g. Andreassen, 1999; Haug et al., 2009 ); other studies have used values of 917 kg m −3 (Nuth et al., 2010) , or 860±60 kg m −3 . Huss (2013) showed that a density conversion factor, fΔV, of 850±60 kg m −3 is appropriate to convert volume change to mass change for a wide range of conditions. However, for short time intervals (≤3 yr), periods with limited volume change, or changing mass balance gradients, the conversion factor can vary much more. Following Huss (2013) we estimated the density correction factor, fΔV, for each period of the 10 glaciers by:
where ρ is the bulk density of the glacier including ice, snow and firn and Δρ and ΔV is the change in bulk density and volume, respectively, between the two periods. We used observed ice thicknesses and volume changes and estimated firn thicknesses, density and firn area extent based on calculated area-accumulation ratios and best estimate taking into account the annual balances in the periods prior to the surveys. Obtained values varied between 800 and 899; thus within 850 ± 60, with the exception of one period for Gråsubreen (1984 Gråsubreen ( -1997 that had a lower value. Whereas the firn area can be estimated somewhat more precisely due to observed annual balances and estimates of ELA and AAR and air photos, the values of firn densities and firn depths can only be estimated. We therefore decided to use a density conversion factor, fΔV of 850±60 kg m −3 .
We thus calculated the geodetic mass balance, Bgeod, by
where is average glacier area of the two surveys assuming a linear change in time. The glacier area derived from the homogenized ice divides based on the latest laser scanning was used as calculation basis.
Finally, the geodetic results were corrected to account for ablation and accumulation between the glaciological and the geodetic surveys. The correction was estimated by using stake readings if available, snow information from www.senorge.no, or modelled using a simple mass balance model with input of temperature and precipitation data from nearby meteorological stations (downloaded from www.eklima.no). The latter approach was also used for estimated the two years (1994 and 1995) of lacking data at Langfjordjøkelen.
Uncertainty assessment
Uncertainties in glaciological and geodetic mass balances may be systematic or random. Our uncertainty assessment followed the approach recommended by Zemp et al. (2013) . We aimed at quantifying random errors by analysing existing data and the processes involved, while eliminating systematic errors through the processes of homogenisation.
Glaciological balances
The uncertainties in glaciological balance were quantified from an analysis of these factors: 1) Uncertainty of point measurements (σ.glac.point) due to uncertainty in -probing to the summer surface (probe may penetrate the summer surface layer or stop at layers above the summer surface, recording or reading may be incorrect),
-stakes and towers (stakes may fall down or melt out, towers may be anchored to firn/ice masses at lower depths and thus be vertically displaced),
-density measurements of snow (measurement or recording errors, errors or unrepresentative depth-density conversion formula), and -density of firn (normally not measured, but estimated).
2) Uncertainty of spatial integration (σ.glac.spatial) considering -number of stakes for each (50) 100 m vertical band used for calculating balances, -number of probings for each (50) 100 m vertical bands used for calculating balances -effect of areas not covered by stakes or probings due to ice falls and crevasses.
3) Uncertainty of glacier reference area (σ.glac.ref) due to -glacier area-altitude changes -problems in determining the ice-divide.
As most of the factors in the glaciological error budget could not be quantified from independent measurements, an expert opinion approach was taken. The glaciologist in charge of the measurements quantified the error in collaboration with a glaciologist with modest involvement in the measurements.
Geodetic balances
The uncertainties of geodetic balance were quantified from an analysis of these factors: 1) Uncertainty due to Digital Terrain Models (σ.geod.DTM) compared to reference DTM (high accuracy laser), ground control points, surveyed points on the ice surface, if available, and type of data acquisition (laser, high quality photo, low quality photo).
2) Uncertainty due to density conversion (σ.dc) using the density conversion factor as described in section 3.3.
3) Uncertainty of Internal balance (σ.int) was not subject to any detailed uncertainty analysis due to lack of independent data, but as it is only an estimate we assume an uncertainty of ±33 %.
Example: Uncertainty of the Nigardsbreen records
The uncertainty in the Nigardsbreen glaciological mass balance totalled ±0.33 m w.e. a -1 (no differentiation was possible between the two periods 1964-1984 and 1984-2013 
Results
Homogenized balances
The detailed homogenisation of the glaciological mass balances resulted in changes in seasonal, annual and cumulative values.
For Nigardsbreen, the homogenized mass balance series over the period 1962-2013 showed a positive mass balance of 13.2 m w.e., which is 5.4 m w.e. less than the cumulative balance of the original series for the same period (Fig. 5 , Table S1 ). The cumulative winter balance was reduced by 4.6 m w.e. (84 % of the total decrease), while the change in cumulative summer balance was -0.9 m w.e. (16 %). Generally, the homogenized mass balance series over the period 1962-2013 gave a lower mean winter balance than the original series, while the mean summer balances were both lower and higher than the original values. The mean winter balance decrease was 0.09 m w.e. a -1 , and the mean summer balance change was -0.02 m w.e. a -1 . The impact of the five major changes in methodology were difficult to quantify individually, as it was a joint process homogenising the year-by-year data and from this recalculating the mass balance. The homogenisation of ice divide, basin, change of method from contour to profile area-altitude distribution gave small differences if isolated for one change only, typically within ±0.1 m w.e. The greatest contribution to the cumulative mass balance reduction of 5.4 m w.e.
for Nigardsbreen was ascribed to the individual errors detected in the revisit of the data and the calculations. 
Internal balance
Results of the internal ablation calculations show that the mean contribution over the period 1989-2014 varies from glacier to glacier (Fig. 7) . 
Uncertainty and comparison
The results from the uncertainty analysis (Table 4) show that largest uncertainties were associated with point measurements on maritime glaciers (above 0.20-0.25 m w.e. a -1 ), followed by spatial integration at glaciers with few stakes per elevation band (about 0.15-0.21 m w.e. a -1 ). The largest point errors were on glaciers with a large mass turnover and with challenging probing conditions due to deep snow packs and more uncertain summer surfaces, in particular in years with much snow remaining from the previous year, and difficulties in maintaining the stake network, both in summer and winter season. The largest spatial interpolation errors were typically at the outlet glaciers with a large accumulation plateau draining ice down through a heavily crevassed icefall leading to the snout -making it difficult to measure at all elevations and parts of the glacier. At Nigardsbreen, Engabreen and Rembesdalskåka only 1-2 stakes are available below the main plateau (see Fig. 3 for Nigardsbreen), However, this part cover less than 10 % of the total area, see also Kjøllmoen (2015a) and Elvehøy (2015) for further details.
Other glaciers and error components were small, in the range 0.01-0.12 m w.e. a -1 .
Uncertainties in geodetic mass balances were largest where old maps were used (up to 0.23 m w.e. a -1 ), but most were in the range 0.05-0.10 m w.e. a -1 . The error in density corrections was small (0.05 m w.e. a -1 ). The uncertainty in internal balance was assumed to be one third of the balance: above 0.06 m w.e. a -1 for three maritime glaciers and very small for the others.
Glaciological and geodetic balances were compared for 21 periods (Table 4 , Fig. 8 ). In this comparison, the internal balance was taken into account by subtracting it from the geodetic balance. The discrepancies and tests of the hypothesis are shown in Table 5 . Good agreement (less than 0.20 m w.e. a -1 ) was found for 12 periods, whilst 5 periods showed discrepancies above 0.40 m w.e. a -1 . The four remaining periods had discrepancies between 0.26 and 0.32 m w.e. a -1 . The data from the maritime glaciers (Engabreen, Nigardsbreen, Ålfotbreen, Hansebreen) deviated the most, in addition to one period for Rembesdalskåka and Storbreen.
The glaciological mass balance was more positive than the geodetic for most large deviations, except for the first period of Hansebreen.
Uncertainty was included in the comparison in order to test the null hypothesis (H0: "the cumulative glaciological balance is not statistically different from the geodetic balance") and to check if unexplained discrepancies suggest calibration to be applied (Zemp et al., 2013) .
Testing at the 95 % acceptance level showed that the null hypothesis was rejected for seven periods: Ålfotbreen (1997-2010) , Hansebreen (1988 -1997 and 1997 -2010 ), Nigardsbreen (1984 and Engabreen (1969 Engabreen ( -2001 Engabreen ( , 2001 Engabreen ( -2008 . Another two periods, Nigardsbreen and Storbreen (1984 Storbreen ( -1997 , gave deviations above 0.2 m w.e. a -1 , but due to the degree of uncertainty, H0 was not rejected. For the 12 other periods, deviations were smaller than 0.20 m w.e. a -1 and within the uncertainties at the 95 % acceptance level.
Calibration
Correcting the glaciological mass balance series with geodetic observations is recommended where large, relative to the uncertainties, deviations are detected between glaciological and geodetic balances (Zemp et al., 2013) . The deviations found between glaciological and geodetic surveys for several glaciers in our study calls for a calibration for seven of the 21 periods.
Previous studies have suggested using statistical variance analysis (Thibert and Vincent, 2009 ), distributed mass balance modelling (Huss et al., 2009) , or by distributing equally the mean annual difference between the homogenized glaciological and geodetic balance (Zemp et al., 2013) . In the latter case, the difference in the annual balance Ba is suggested to be fully assigned to the summer balance Bs (Zemp et al., 2013) . To calibrate our data series, we used a slightly different approach. The annual correction is the annual difference between the homogenized geodetic and glaciological mass balance, Δ, for each period (Table 5 ). This annual correction factor was applied to the summer and winter balances according to their relative size. In other words, if summer and winter balances were equal, 50 % of the correction was applied to the summer balance and 50 % to the winter balance. If the absolute summer balance was twice the winter balance, 2/3 of the correction was applied to the summer balance and 1/3 to the winter balance. The reasoning behind this was that the size of the error was probably related to the size of the balance. In years with a thick snow layer, the probing to the summer surface and maintenance of the stake network was more uncertain. In years with large melt, maintenance of stake networks was more difficult and the results less accurate.
Reanalysed glaciological series
The reanalysed glaciological series, resulting from homogenization and calibration, reduced the For Rembesdalskåka the homogenization resulted in more positive balance; thus the calibrated part is larger than the total reduction. Austdalsbreen was not calibrated, the reduction is only due to the homogenization. The other glaciers had small or no change (within ±1.3 m w.e.). The reanalysed series show a much more consistent signal then the original data (Fig. 8.) . 
Discussion
Calibration
The resulting cumulative curves after the homogenization and calibration showed that the distinctly positive cumulative mass balances measured at Engabreen and Nigardsbreen were much reduced. When calibrating we accounted for the internal balance by subtracting it from the geodetic mass balance before comparing it with the glaciological. This was done to ensure that the glaciological balance was still the surface mass balance, which is what we measure for all glaciers. The degree of calibration thus also depends on how much internal melt we estimate.
The internal ablation rates calculated for the two maritime glaciers, Engabreen and Nigardsbreen, with a large elevation range was significant and represented a marked difference between the glaciological and geodetic methods. For the 49 years compared for Nigardsbreen, internal ablation amounted to nearly -8 m w.e. according to our calculations. Oerlemans (2013) estimated an even higher dissipative melt of -0.23 m w.e. a -1 for Nigardsbreen. Using this value would give more than -11 m w.e. resulting from the internal balance over the 49 years. Although both values must be considered only an estimate, it demonstrates how sensitive cumulative series are both to systematic biases and to generic differences between the methods. For
Engabreen, almost all the change in cumulative values is due to the calibration of the two geodetic periods and the amount of internal ablation controls the amount of calibration. A higher estimate of internal ablation for this glacier would lead to a smaller difference between the methods and thus less reduction in the mass surplus of the glaciological series. Thus, due care must be shown when interpreting cumulative curves, in particular for glaciers located in high-precipitation regions spanning a large elevation range, such as Engabreen and Nigardsbreen.
Implications and outlook
The reanalysis processes has altered seasonal, annual and cumulative as well as ELA and AAR values for many of the years for the 10 glaciers presented here. For most glaciers the discrepancy between the 'original' glaciological series as published in the series "Glaciolocical investigations in Norway" (e.g. Kjøllmoen et al., 2011) are small, but for others results differed significantly. We plan to keep the series 'original', 'homogenized' and 'calibrated' in the NVE databases and flag them accordingly as proposed by Zemp et al. (2013) , and as exemplified for Nigardsbreen (Table S1 ). The new reanalysed and thus 'official' values will also be made available for download from NVE's website www.nve.no/glacier. and submitted to WGMS with a remark on the reanalysis status.
The level of analysis in the homogenizing process varied between the 10 study glaciers, according to the volume and quality of detailed data and metadata. For some of the glaciers (Nigardsbreen, Engabreen, Ålfotbreen and Hansebreen) a detailed homogenisation process was carried out, going through the data material for each year to search for inhomogenities and possible biases in the data calculations. This should also be considered applied to the other six glaciers, as well as on other glaciers not included here that have shorter series. However, for some glaciers, e.g. Rembesdalskåka and Storbreen, the point data and metadata used for the calculations are simply not available for many of the early years, and a detailed scrutinising of the data and recalculation is not possible.
The glaciers that show good agreement between glaciological and geodetic measurements (Austdalsbreen, Storbreen, Hellstugubreen, Gråsubreen, Langfjordjøkelen) have several things in common. Their size is small to medium (2.2-10.6 km 2 ), and they have a higher stake density
(1/km 2 -6/kmaccessible, providing a better stake coverage with altitude. Their altitudinal range is lower and their area-altitude distribution is uniform and not dominated by a flat upper part as in Nigardsbreen and Engabreen. Their glacier basins are also more defined. Furthermore, except for Austdalsbreen, the glaciers had a considerable mass loss and have more or less been constantly loosing mass throughout the observation record. Thus, smaller mountain glaciers with negative cumulative balances seems to be easier to measure correctly than the maritime outlet glaciers.
As mentioned, on many of the glaciers a change of the observation programme was made after statistical analysis of the previous years' accumulation and ablation patterns in the 1980s. This was done to reduce the amount of fieldwork and hence reduce costs and personnel resources.
Studies have pointed out that there can be a good correlation between one stake and the glacierwide averages (Roald, 1973; Rasmussen and Andreassen, 2005) .
Glaciological mass balance programmes, based on a minimal network of long-term ablation and accumulation point measurements, is recommended to increase the observational network once every decade in order to reassess the spatial pattern of mass balance (Zemp et al., 2013) .
The present results may call for a temporarily increased observational network on the glaciers with largest differences between the methods (Engabreen, Nigardsbreen, Ålfotbreen,
Hansebreen and Rembesdalskåka) to adjust the observational programmes in order to reduce uncertainty. It should be emphasized that it is far more challenging and expensive to maintain a stake network on a large glacier with high mass turnover like Nigardsbreen, where parts of the glacier must be visited by helicopter and stakes need maintenance several times a year, than the small Gråsubreen where stakes may survive many years and all parts are accessible by foot.
However, although smaller glaciers seems to be easier to measure correctly, the maritime outlet glaciers represent by far the largest glacier area and ice volume (Andreassen et al., 2012; 2015) .
Continued geodetic surveys every 10 years are needed to measure the overall changes and provide data for new reanalysis. The resent geodetic surveys by airborne laser scanning conducted over the period 2008-2013 covered not only the 10 mass balance glaciers presented
here, but about 1/3 of the glacial area in Norway. The surveys provide an accurate baseline for future repeated mapping and glacier change detection. They will also be used for a regional overview of glacier volume changes from the 1960s to 2010s.
Conclusions
This study provided homogenised data series of glaciological and geodetic mass balance for the ten glaciers in Norway with long-term observations. In total, 21 periods of data were compared.
Uncertainties were quantified for relevant sources of errors, both in the glaciological and geodetic series.
Glaciological and geodetic results were in overall agreement for Langfjordjøkelen, Austdalsbreen, Storbreen, Hellstugubreen and Gråsubreen for the periods considered, but differed for Ålfotbreen (1 of 3 periods), Hansebreen (both periods), Engabreen (both periods),
Rembesdalskåka ( Tables   Table 1. Overview of the 10 glaciers used in this study, their characteristics, and glaciological and geodetic surveys used in this study. Period is period of mass balance observations, years is number of mass balance years up to and including 2014. Elevation min and max (m a.s.l.), slope (degree) and area (km 2 ) refers to the latest survey. NVE-ID is the ID in the latest inventory (Andreassen et al., 2012b) . See Figure 1 for location and Table 2 for details on geodetic surveys. REMB: 1066-1854 ) is the difference over the period of record between cumulative glaciological balance and geodetic balance, corrected for internal ablation. δ (dimensionless) is the reduced discrepancy, where uncertainties are accounted for. β is the probability of accepting H0 although the results of the two methods are different at the 95 % confidence level, while ε (in m w.e. a -1 ) is the limit for detection of bias. Bold is used to highlight periods with less than 10 years length, differences larger than 0.20 m w.e. a -1 and reduced discrepancies larger than 1.96. Table 1 for details on the glaciers. The inset shows Norway's location in Europe and a zoom in on the eight glaciers in southern Norway. , Hansebreen (1988 Hansebreen ( -2010 , Ålfotbreen (1997-2010) , Rembesdalskåka (1995 Rembesdalskåka ( -2010 and Engabreen (1970 Engabreen ( -2008 . 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 balance (m w.e.)
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